Inhibitor-of-apoptosis protein (IAP) inhibitors have been reported to synergistically reduce cell viability in combination with a variety of chemotherapeutic drugs via targeted cellular IAP (cIAP) depletion. Here, we found that cIAP silencing sensitised colorectal cancer (CRC) cells to selenite-induced apoptosis. Upon selenite treatment, the K63-linked ubiquitin chains on receptor-interacting protein 1 (RIP1) were removed, leading to the formation of the death-inducing complex and subsequent caspase-8 activation. Although the ubiquitinases cIAP1 and cIAP2 were significantly downregulated after a 24-h selenite treatment, cylindromatosis (CYLD) deubiquitinase protein levels were marginally upregulated. Chromatin immunoprecipitation assays revealed that lymphoid enhancer factor-1 (LEF1) dissociated from the CYLD promoter upon selenite treatment, thus abolishing suppression of CYLD gene expression. We corroborated these findings in a CRC xenograft animal model using immunohistochemistry. Collectively, our findings demonstrate that selenite caused CYLD upregulation via LEF1 and cIAP downregulation, both of which contribute to the degradation of ubiquitin chains on RIP1 and subsequent caspase-8 activation and apoptosis. Importantly, our results identify a LEF1-binding site in the CYLD promoter as a potential target for combinational therapy as an alternative to cIAPs. Cell Death and Disease (2014) 5, e1085; doi:10.1038/cddis.2014.13; published online 27 February 2014
Thus, effective drugs as well as advances in surgical management are urgently required. Selenium has been shown to possess chemopreventive and chemotherapeutic effects against multiple malignant cancers. 3, 4 Sodium selenite, a common form of inorganic selenium, induces typical apoptosis in cancer cells, as characterised by PARP and caspase cleavage. [5] [6] [7] [8] However, the mechanism by which these molecules are directly activated remains unknown.
Apoptosis can be initiated both by death receptors and by the mitochondria. In the death receptor-initiated extrinsic pathway, death receptor binding to their cognate ligands results in the formation of the death-inducing signalling complex (DISC) and activation of caspase-8, which induces the activation of downstream effector caspases. 9 In the mitochondria-initiated intrinsic pathway, apoptosome formation by caspase-9, cytochrome c and Apaf-1 has a vital role. Extrinsic apoptosis has been reported to initiate the intrinsic mitochondrial pathway via caspase-8-mediated Bid cleavage. 10, 11 Whether these two pathways co-occur or whether one triggers the other in selenite-induced apoptosis remains unknown.
Receptor-interacting protein 1 (RIP1) can be modified both by lysine48-linked and lysine63-linked polyubiquitin chains. Although K48 ubiquitination promotes RIP1 degradation, K63 polyubiquitination of RIP1 on lysine 377 acts as a cell-death switch in response to TNF signalling.
12 K63-polyubiquitinated RIP1, which binds to TNF and is retained at the plasma membrane, serves as a docking site to mediate NF-kB activation and thus provides survival signals. Upon TNF stimulation, RIP1 K63 ubiquitination is removed through deubiquitinase activity, resulting in the formation of a RIP1/ FADD/caspase-8 complex. The process is regulated by several ubiquitin ligases and deubiquitinating proteases. To date, only three deubiquitinating proteases that functionally impact cell death have been identified in the TNF signalling pathway, A20, cylindromatosis (CYLD) and USP2a. 13 Although the mechanism by which RIP1 activates caspase-8 and triggers apoptosis after TNF stimulation has been revealed, the role of RIP1 in the induction of apoptosis by chemotherapeutic agents remains unclear. Inhibitor-of-apoptosis proteins (IAPs) are a family of proteins that harbour a baculoviral IAP repeat.
14 Among the IAP family members, cellular IAP (cIAP)1 and cIAP2 function as E3 ligases to mediate RIP1 polyubiquitination. Recently, a series of IAP inhibitors were designed and synthesised to induce apoptosis of cancer cells without affecting normal cells, 15 some of which have advanced to human clinical trials. 16 Because high IAP protein expression levels have been observed in CRC and correlate with a poor prognosis, targeting the IAP protein family may improve chemotherapy treatment. 17 In the current study, we discovered that cIAP silencing sensitised CRC cells to sodium selenite-induced apoptosis. We found that selenite triggered cIAP degradation, and CYLD upregulation via the transcription factor lymphoid enhancer factor-1 (LEF1). As a result, RIP1 underwent a rapid loss of K63 ubiquitin chains and formed a complex with caspase-8 and FADD, leading to caspase-8 activation and apoptosis. Our research suggests cIAPs and CYLD as targets for combinatorial therapy with selenite and indicates that this combination could potentially decrease tumour resistance as well as ameliorate the non-desirable effects of selenite alone.
Results
Caspase-8 has a vital role in selenite-induced apoptosis. Previous research from our laboratory has shown that 10 mM selenite induces cell death in CRC cells, as characterised by caspase activation. To explore their response to seleniteinduced apoptosis, HCT116 and SW480 cells were treated with selenite for different durations. As shown in Figure 1a , selenite rapidly triggered caspase-8 and caspase-3 activation in these two cell lines, whereas caspase-7 and caspase-9 were mildly activated after 24 h and caspase-2 was not activated. Thus, we speculated that caspase-8 acts as the initiator caspase in selenite-induced apoptosis. To investigate this hypothesis, CRC cells were treated with the caspase-8-specific inhibitor z-IETD-fmk before selenite treatment, and apoptosis levels were detected through Annexin V-FITC and propidium iodide double staining using fluorescence-activated cell sorting (FACS). The results showed that 20 mM z-IETD-fmk inhibited selenite-induced apoptosis (Figure 1b) , confirming the significance of caspase-8 in apoptotic induction following selenite treatment. In addition, silencing caspase-8 also abolished seleniteinduced apoptosis (Figure 1c) . Notably, activation of downstream caspases and PARP was inhibited in cells treated with 20 mM z-IETD-fmk and in cells where caspase-8 was silenced (Figures 1d and e) . Moreover, cell fractionation experiments and confocal fluorescence microscopy experiments demonstrated Bid cleavage and translocation of tBid from the cytosolic fraction to the mitochondria (Figures 1f and g ), which was blocked by treatment with a caspase-8 inhibitor ( Figure 1d ). These findings demonstrate that caspsase-8 is an early responder that has an important role in selenitetriggered apoptosis.
K63-specific RIP1 deubiquitination is responsible for caspase-8 activation. RIP1 has been reported to form a DISC with caspase-8 to trigger apoptosis upon TNF induction. 18 To investigate the role of RIP1 in selenitetriggered caspase-8 activation, co-immunoprecipitation assays were performed using a RIP1-specific antibody. As shown in Figure 2a , caspase-8 and FADD were recruited to RIP1 following selenite stimulation. Immunofluorescence staining also confirmed the colocalisation of RIP1 and caspase-8 in selenite-treated cells (Figure 2b ). RIP1 ubiquitination involves both Lys48 and Lys63 linkages. Although Lys48 polyubiquitination of RIP1 serves as signal for protein degradation, Lys63-linked polyubiquitination is required for both NF-kB activation and inhibition of caspase-8-dependent apoptosis. 19 To ensure specificity, RIP1 was immunoprecipitated, and a K63-linkage-specific polyubiquitin antibody was used for detection in subsequent western blot analyses. The results revealed that endogenous RIP1 was heavily modified with K63 ubiquitin chains in colon cancer cells, whereas selenite treatment removed most of these ubiquitin chains (Figure 2c, Supplementary Figure S1a) . Interestingly, in both cell lines, the length of the polyubiquitin chains on RIP1 was not equally distributed but instead accumulated at the molecular weights of 100 and 140 kDa. Taken together, these results indicated that selenite treatment induced apoptosis in colon cancer cells via removal of Lys63-linked polyubiquitin chains from RIP1and the subsequent formation of DISC by caspase-8 and FADD.
cIAPs negatively regulate selenite-induced apoptosis via RIP1. Significant cIAP1 degradation upon selenite treatment has been noted in our laboratory ( Figure 4a) ; however, the specific mechanism has remained unknown. Recently, IAP inhibitors have been reported to sensitise leukaemia cells to chemotherapy-induced apoptosis, in which cIAP1 and cIAP2 act as ubiquitin ligases that specifically add K63-linked ubiquitin chains to RIP1. 20 We therefore investigated the role of cIAPs in selenite-induced apoptosis. FACS analysis demonstrated that the combined silencing of cIAP1-and cIAP2-sensitised CRC cells to selenite-induced apoptosis, suggesting a role for cIAPs in inhibiting selenite-induced apoptosis via prevention of caspase-8 activation (Figure 3a) . Conversely, cIAP1 overexpression attenuated selenite-induced apoptosis, as supported by both FACS and western blot results (Figures 3c and d ). In addition, we corroborated the role of direct ubiquitination of RIP1 by cIAP1 in curbing seleniteinduced apoptosis (Figure 3e ). Transfection of a cIAP1 expression plasmid alone significantly increased RIP1 ubiquitination levels; selenite treatment removed ubiquitin proteins to levels that were still higher than in the control group, thus preventing the interaction of caspase-8 with FADD. Collectively, our study found that selenite-induced cIAP1 degradation facilitated RIP1 deubiquitination and subsequent apoptosis.
RIP1 deubiquitination by CYLD promotes caspase-8 activation. Although the K63-specific deubiquitinating enzyme CYLD has previously been reported to mediate necrosis by removing K63 polyubiquitin chains from RIP1, 21 its role in chemokine-induced apoptosis remains unclear. cIAP levels decreased significantly upon sodium selenite treatment; however, CYLD protein levels were slightly increased ( Figure 4a ). Interestingly, CYLD protein levels decreased in late-phase apoptosis, despite consistently upregulated mRNA levels (Figure 4b ), likely due to CYLD cleavage by caspase-8 to prevent necrosis. 22 CYLD overexpression sensitised HCT116 and SW480 cells to selenitetriggered apoptosis, as demonstrated by FACS analysis and PARP cleavage analysis. Increased caspase-8 activation was also observed in selenite-treated cells transfected with CYLD, indicating that CYLD promoted caspase-8 activation Figure 2 Selenite treatment triggers deubiquitination of K63 polyubiquitin chains on RIP1 and subsequent DISC formation. (a) RIP1 coimmunoprecipitated with caspase-8 and FADD after selenite treatment. The results from the same cell lines were acquired by incubating different antibodies to different parts of the same membrane in the same experiment. An antibody against RIP1 was applied after stripping the polyubiquitin antibody to confirm equal loading. (b) Control or selenite-treated cells were stained with anti-RIP1 (CY3) and anti-caspase-8 (FITC) antibodies and subjected to confocal microscopy. The nuclei were stained with DAPI. The line furthest to the right is a magnification of the boxed area in the merged panel. Scale bar, 20 mm. (c) K63 ubiquitin-conjugated RIP1 was isolated by IP using an anti-RIP1 antibody followed by immunoblotting (IB) detection using anti-K63-polyubiquitin (right panel). The levels of total ubiquitinated cellular proteins were determined through direct IB in the same experiment (left panel). RIP1 was probed by IB to confirm equal loading. The results from the upper and lower panel were derived from the same experiment, with different exposure times. All experiments were performed in triplicate, and representative imagines are shown LEF1/CYLD and cIAPs regulate RIP1 P Wu et al via RIP1 deubiquitination (Figures 4c and d) . To demonstrate that CYLD promotes selenite-induced apoptosis via RIP1 deubiquitination, HCT116 and SW480 CRC cells were transfected with a CYLD expression plasmid and used for RIP1 immunoprecipitation after selenite treatment. As shown in Figure 4e , CYLD overexpression caused RIP1 deubiquitination, which was exacerbated by selenite treatment. Taken together, these results indicate that selenite-triggered upregulation of CYLD transcription induced RIP1 deubiquitination and apoptosis.
LEF1-mediated inhibition of CYLD expression is abolished upon selenite treatment to trigger apoptosis. LEF1 has recently been reported to be a negative regulator of CYLD expression levels in leukaemia cells, and inhibitors of Wnt/beta-catenin/LEF1 signalling have been reported to induce apoptosis in leukaemia cells. 23 These results inspired us to investigate the role of LEF1 in selenite-induced apoptosis. Chromatin immunoprecipitation (ChIP) assays were performed with or without selenite treatment by immunoprecipitating DNA/protein complexes using an Figure 3 Selenite-induced degradation of cIAPs facilitated apoptosis by promoting DISC formation. (a and b) After cIAP silencing using an siRNA mixture containing sequences targeted to cIAP1 and cIAP2 for 24 h, HCT116 and SW480 CRC cells were treated with 10 mM selenite and subjected to FACS and western blot analysis. (c and d) HCT116 and SW480 cells were transfected with a plasmid expressing cIAP1 before selenite treatment and were then subjected to FACS and western blot analysis. (e) Coimmunoprecipitation using a RIP1 antibody was performed after transfection of CRC cells with the cIAP1 plasmid, followed by incubation with K63 polyubiquitin chain-specific antibody, caspase-8 antibody and FADD antibody LEF1/CYLD and cIAPs regulate RIP1 P Wu et al anti-LEF1 antibody and then amplifying the purified DNA. The location of the LEF1-binding site within CYLD promoter and the amplified fragment are shown in Figure 5a . As shown in Figure 5b , LEF1 was recruited to the CYLD promoter in untreated CRC cells, and this interaction was abolished by selenite treatment. To confirm a negative role for LEF1 in the regulation of CYLD expression, CRC cells were transfected with siRNA-targeting LEF1 48 h before selenite treatment.
As shown in Figures 5c and d, LEF1 knockdown led to increased CYLD expression and apoptosis. Selenite-mediated disassociation of LEF1 from the CYLD promoter was not due to decreased levels of LEF1 protein or nuclear localisation (Figure 5e ), implying the specific dissociation of LEF1 from the CYLD promoter upon selenite treatment.
Selenite triggers the LEF1/CYLD/cIAPs/caspase-8 signalling pathway in CRC xenograft tumours. HCT116 cells were implanted in immunodeficient nude mice to establish a CRC xenograft model over the course of 2 weeks. To treat the resulting tumours, 2 mg/kg/day selenite was administered via intraperitoneal injection. The average tumour weight in the selenite-treatment group was significantly reduced compared with the control group, which was injected with an equivalent volume of PBS (Figure 6a ). Moreover, a TUNEL assay to detect apoptotic cells in situ in HCT116 xenograft tumours showed an increase in DNA fragmentation after selenite treatment (Figure 6b ). Having defined the role of the LEF1/ CYLD/cIAPs/caspase-8 signalling pathway in selenite-induced apoptosis in CRC cells, we evaluated the expression of these molecules after selenite treatment in vivo through western blot ( Figure 6c ) and immunohistochemistry (Figure 6d ) assays. cIAP protein levels were downregulated, whereas CYLD was significantly upregulated in tumours from selenite-treated mice compared with PBS-treated mice. In addition, caspase-8 and PARP were cleaved and activated in tumours from selenitetreated mice. 
Discussion
Previous work has indicated that the cleavage and activation of caspases and PARP is a common feature of seleniteinduced apoptosis in a variety of cell lines. 24, 25 Selenite has been reported to activate multiple signalling pathways. However, it is unclear whether these pathways are initial responders, late-phase activators that enhance apoptosis or simply molecules affected by apoptosis. Because we had previously observed stable caspase activation in a variety of cell lines including CRC cells, we investigated the upstream molecules that induce apoptosis rapidly via caspase activation. CRC cells were treated with 10 mM selenite for differing durations and then subjected to western blot analysis. Among the initiator caspases, caspase-8 was activated the earliest. Both caspase-8 silencing and inhibition of caspase-8 activation with the specific inhibitor z-IETD-fmk were sufficient to suppress selenite-induced apoptosis, confirming the vital role of caspase-8 in the initiation of selenite-induced apoptosis.
Selenite has also been reported to induce apoptosis via activation of the mitochondrial pathway. However, whether these two pathways co-occur or whether one triggers the other in selenite-induced apoptosis remains unknown. Here, we found that Bid is cleaved by caspase-8 and that truncated Bid translocates to the mitochondria to launch the mitochondrial phase of apoptosis. This process has been reported to result in the release of mitochondria-derived activator of caspases (Smac) into the cytosol, which then accelerates cIAP degradation and caspase-8 activation. 26 This result partially explains the sustained low cIAP levels after selenite treatment.
Antagonists of IAPs, which are in clinical trials, have been known to potentiate death receptor-induced apoptosis by promoting caspase-8 activation. Because ligation of the death receptors TNF and TRAIL by either their cognate ligands or agonistic antibodies results in caspase-8 activation at the DISC, it follows that IAP inhibitors may enhance apoptosis by enhancing DISC formation. 27 In addition, it has been recently reported that targeting IAP proteins represents a suitable strategy for priming leukaemia and glioblastoma cells to undergo chemotherapy-induced apoptosis. 20, 28 Whether targeting IAP proteins can potentiate chemotherapy-triggered apoptosis in CRC cells is unknown. In our study, cIAP-1 and At 48 h post-transfection, the cells were treated with 10 mM selenite for an additional 24 h and then subjected to FACS and western blot analysis. (e) Overall LEF1 protein levels and distribution remained constant after selenite treatment. Nuclear and cytoplasmic proteins were fractioned from selenite-treated HCT116 and SW480 cells and subjected to western blot analysis using antibodies against LEF1. B23 and b-actin were detected to demonstrate the purity of each fraction LEF1/CYLD and cIAPs regulate RIP1 P Wu et al cIAP-2 expression levels were downregulated after selenite treatment, and cIAP silencing significantly enhanced seleniteinduced apoptosis. K48 ubiquitin chains primarily target proteins for degradation by the proteasome, whereas K63 ubiquitin chains act as signals in DNA repair, kinase activation, endocytosis and apoptosis. Immunofluorescence studies have shown that K48-and K63-linked polyubiquitin occupy distinct subcellular regions. Although K48-linked polyubiquitin coincides with proteasomes and is detected at the midbody during mitosis, K63-linked polyubiquitin speckles do not colocalise with either the Golgi complex or lysosomal markers. 29 Because RIP1 can be modified by both K48 and K63 ubiquitin chains, it is vitally important to specifically detect the K63 polyubiquitin chains. Therefore, we used a K63 linkage-specific antibody after immunoprecipitation using a RIP1 antibody. Interestingly, rather than showing a distribution gradient, it appears that the number of ubiquitin proteins conjugated to RIP1 in Lys63 linkages tends to be either three or seven. This was also observed in western blot analysis data from previous experiments, where ubiquitin chains were detected after immunoprecipitation with a RIP1 antibody. 30 In contrast, M1-linked polyubiquitin does not appear to have any bias in the number of ubiquitin proteins conjugated to RIP1. 31 Notably, transfection of cIAP1 or CYLD expression plasmids changed the RIP1 ubiquitination levels, whereas the number of ubiquitin proteins conjugated to each RIP1 protein appeared to remain constant. The number of K63 ubiquitin proteins conjugated to RIP1 may have particular significance, and machinery that has not been previously defined may exist to regulate the precise length. The exact number of ubiquitin proteins conjugated to RIP1 in K63 linkages, and the relevant regulatory machinery require elucidation to better understand caspase-8-dependent apoptosis.
CYLD is a deubiquitinase that specifically deconjugates K63-linked polyubiquitin chains and has been reported to negatively regulate the NF-kB pathway as well as promote apoptosis. 32 Recent studies have revealed its role in necrosis and defined a complex molecular bifurcation that controls apoptosis. 33 In addition to its roles in promoting cell death and suppressing tumour formation, CYLD can also regulate diverse physiological processes including the immune d) Immunohistochemistry results of the colon xenograft animal model using antibodies against cleaved caspase-8, cleaved caspase-3, CYLD and cIAPs (detecting both cIAP1 and cIAP2). Scale bar, 50 mm LEF1/CYLD and cIAPs regulate RIP1 P Wu et al response, inflammation, cell cycle progression, spermatogenesis and osteoclastogenesis. 34 CYLD transcription is strongly reduced in CRC cells compared with normal tissue. 35 Our research indicates that CYLD is rapidly upregulated upon selenite treatment. However, after apoptosis has been initiated, CYLD protein levels are reduced to nearly background levels, whereas CYLD mRNA levels remain upregulated. This paradoxical phenomenon can be explained by the initiation of cell apoptosis and evasion of necrosis. Upon selenite treatment, CYLD expression is increased above a certain threshold, which leads to RIP1 deubiquitination and the subsequent formation of DISC, activation of caspase-8 and apoptosis. In MEFs and Jurkat T-cells, caspase-8 has recently been reported to process CYLD, generating either a survival signal or an apoptotic death signal. 22 Therefore, we propose that CYLD protein levels decrease to evade the necrosis elicited by sustained high CYLD levels.
The TCF/LEF family, which is composed of TCF7, TCF7L1, TCF7L2 and LEF1, is a small family of DNA-binding factors. Wnt signalling triggers TCF/LEF members to switch from repression to activation by recruiting co-activator complexes. 36 When interacting with b-catenin, LEF1 has been reported to behave mainly as an activator. Disruption of this interaction or inhibition of LEF1 translocation to the nucleus leads to apoptosis in leukaemia cells, implying that LEF1 may be an attractive therapeutic target for CLL therapy. 37 Liu et al. found that LEF1 suppresses CYLD expression independent of b-catenin. 23 In addition, LEF1 is ectopically activated in colon cancer, 38 where CYLD levels are low. These data prompted us to investigate the role of LEF1 in selenite-triggered CYLD upregulation. Our study showed that LEF1 binds the CYLD promoter and suppresses endogenous CYLD levels, whereas selenite caused LEF1 to dissociate from the CYLD promoter. However, how selenite causes the dissociation of LEF1 from the CYLD promoter without affecting LEF1 nuclear localisation warrants further study. In addition, LEF1 silencing sensitised CRC cells to selenite-induced apoptosis, which provides a new avenue for enhancing chemotherapy by targeting the efficiency of LEF1 binding to the CYLD promoter.
In conclusion, our study identifies a signalling pathway that responds to selenite and rapidly triggers apoptosis. As shown in Figure 7 , upon selenite treatment, cIAPs were degraded, and CYLD transcription was upregulated, causing degradation of RIP1 K63 ubiquitin chains and subsequent DISC formation, caspase-8 activation and apoptosis. CYLD was negatively regulated by LEF1, and this repression was abolished upon selenite treatment. Once apoptosis was initiated, the signalling pathways that enhance cIAP expression levels were inactivated, and CYLD was processed by caspase-8, all of which favoured selenite-induced apoptosis. Because cIAP targeting has been successful in both cellular and clinical experiments, these findings support the further preclinical development of sodium selenite. In addition, our study implicates LEF1 as a new target for combinational treatment.
Materials and Methods
Cell lines and culture. HCT116 and SW480 CRC cells were cultured in DMEM supplemented with 10% fetal bovine serum and antibiotics (100 units/ml penicillin and 100 mg/ml streptomycin) at 37 1C in a 5% CO 2 humidified environment.
Reagents and antibodies. Sodium selenite, the cIAP antibody (detects both cIAP1 and cIAP2) and CYLD for immunohistochemistry analysis were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies for LEF1, cIAP1, cIAP2, CYLD, PARP, caspase-8, cleaved caspase-8, caspase-3, caspase-2, caspase-9, caspase-7, Bid, VDAC, HA-tag and RIP1 (for western blotting) were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies for RIP1, caspase-8 and Bid for immunofluorescence were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Antibodies for actin and GAPDH were purchased from Bioworld Technology (St. Louis Park, MN, USA). Caspase-8 inhibitor z-IETD-fmk was purchased from MBL (Nagoya, Japan).
Western blot analysis. Whole-cell pellets were lysed in RIPA buffer and subjected to sonication. The mitochondria were fractionated using the Mitochondria Isolation Kit for Mammalian Cells (Thermo Fisher Scientific, Rockford, IL, USA). The protein concentrations were determined using the Bradford assay. Proteins were resolved through SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes, which were blocked in 5% skim milk in Tris-buffered saline-Tween-20 and incubated overnight with antibodies at 4 1C, followed by horseradish peroxidase-conjugated secondary antibodies at a 1 : 5000 dilution. Detection was performed using the SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher, Waltham, MA, USA).
Immunoprecipitation. The cells were harvested and washed with PBS and then lysed in RIPA buffer on ice for 1 h. After centrifugation at 17 000 Â g for 15 min, the supernatants were collected and adjusted to the same concentration. A 2% input sample was set aside, and either primary antibody (2 ml) or normal immunoglobulin antibody was added to 150 ml cell lysates and rotated overnight at 41C. Subsequently, 30 ml protein A þ G agarose beads (Santa Cruz Biotechnology, Inc.) were added to the mixture and rotated at 4 1C for 3 h. The target protein and its complex were collected at 4000 r.p.m. for 5 min at 4 1C and washed four times with RIPA buffer.
Immunofluorescence. Cells were seeded onto coverslips and treated with selenite for 24 h. After fixing with 5% paraformaldehyde for 10 min, the cell membranes were permeabilised with 0.2% Triton for 30 min. Nonspecific binding was blocked with 1% BSA for 1 h, and the cells were stained with the indicated antibodies at 4 1C overnight and with CY3-or FITC-conjugated secondary antibodies for 1 h at room temperature. The slides were preserved using Mounting Medium with DAPI (Vectashield, Burlingame, CA, USA). Images were acquired using an Olympus laser scanning confocal FV1000 microscope (Olympus, Tokyo, Japan) and analysed using Olympus Fluoview software. Figure 7 Schematic illustration of LEF1/CYLD and cIAPs in the modulation of RIP1 deubiquitination and triggering of apoptosis via caspase-8. Selenite treatment caused the upregulation of CYLD transcription via LEF1 and cIAP degradation, which triggered RIP deubiquitination and subsequent caspase-8 activation. Activated caspase-8 cleaved the cytoplasmic protein Bid to generate tBid, which translocated to the mitochondria and triggered the endogenous apoptosis pathway. In addition, caspase-8 initiated the extrinsic apoptosis pathway through direct activation of executioner caspases Plasmid transient transfection. The cells were plated onto six-well dishes at a density of 4 Â 10 5 cells per well the day before transfection. A total of 4 mg plasmid DNA was combined with 3 ml Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) in a volume of 500 ml Opti-MEM Media (Gibco, Grand Island, NY, USA) and incubated for 20 min before being added to each well. HA-CYLD-WT was a gift from Stephen Elledge (Addgene, www.addgene.org; plasmid #15506). The cIAP1 plasmid was a gift from Colin Duckett (Addgene, plasmid #38232).
, caspase-8 siRNA (5 0 -AACCUCGGGAUACUGUCUGA-3 0 ) and non-targeting control siRNA were acquired from GenePharma (Shanghai, China). Transfections were performed using Lipofectamine 2000 (Invitrogen) according to the recommended procedure. Briefly, 3 ml Lipofectamine 2000 was combined with 4000 pmol (20 ml of a 20 mM stock) siRNA in a volume of 500 ml Opti-MEM Media (Gibco) and incubated for 20 min before being added directly to each well of six-well dish.
Flow cytometry analysis for apoptosis. The assay was performed using Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit (Invitrogen) according to the manufacturer's instructions. The harvested cells were incubated in binding buffer with Annexin V and propidium iodide for 15 min and then analysed using an Accuri C6 flow cytometer (Accuri Cytometers Inc., Ann Arbor, MI, USA).
RT-PCR. Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA was reverse transcribed using SuperRT cDNA kit (CW Biotech, Beijing, China). Primers for CYLD (forward: 5 0 -GAAGGTC GTGGTCAAGGT-3 0 ; reverse: 5 0 -GAATCTGTTCTCGGTGGT-3 0 ) were synthesised by Sangon Biotech.
In vivo tumour model. HCT116 CRC cells (1 Â 10 7 ) were inoculated subcutaneously into 6-to 8-week-old nude mice. Fourteen mice were used in each group. Selenite dissolved in PBS (2 mg/kg/day) was injected intraperitoneally into mice after 2 weeks, at which point, the tumours were palpable. The control group was injected with an equivalent volume of PBS. Tumour dimensions were measured using callipers, and the volume was calculated using the following formula: volume ¼ 0.5 Â l Â w 2 , with 'l' being the maximal length and 'w' being the width. The mice were maintained and tested according to the UKCCCR Guidelines for the Welfare of Animals in Experimental Neoplasia.
Immunohistochemistry. Tissues from the HCT116 xenograft model were established as described above. An animal model for SW480 cells was established previously. 39 Tissues were embedded in paraffin for immunohistochemical analysis. Tissue sections were prepared on slides, dewaxed and rehydrated in xylene and graded alcohols. Antigen retrieval was achieved by heating the slides in a 95 1C water bath with 0.01 mol/l citrate buffer at pH 6.0 for 20 min. Endogenous peroxidase activity was quenched by incubation in 3% hydrogen peroxide solution (Zhongshan Gold Bridge, Beijing, China). The slides were incubated with primary antibodies overnight at 4 1C. The samples were incubated with a streptavidinperoxidase complex for 1 h at room temperature. Diaminobenzidine working solution was applied, and the slides were counterstained with haematoxylin.
Statistical analyses. Each experiment was repeated at least three times. For the quantitative analyses represented in the histograms, the values are expressed as the mean ± S.D. The significance of differences between mean values was assessed using Student's t-test. All computations were calculated using Microsoft Excel.
